Introduction
[2] Studying modern pollen rain over coastal Greenland in June 2002, we identified long distance transport of oak, beech, hemlock, hickory, hornbeam, and walnut pollen, reaching southern Greenland at Narsarsuaq [Rousseau et al., 2003] . These pollen grains originated from eastern USA, in an air mass passing over the northern boundary of the distribution range of the identified trees. This provided the first detailed evidence for long distance pollen transport in the Arctic, combining the timing of pollen production and its incorporation into the atmosphere, the transport conditions toward Greenland, and finally its deposition on the pollen filters exposed to the wind. Numerous studies have shown evidence of long distance pollen transport to the Arctic [Andrews et al., 1980; Bourgeois, 2000; Bourgeois et al., 2001; Bourgeois et al., 1985; Campbell et al., 1999; Franzen et al., 1994; Gajewski, 1995; Hicks et al., 2001; Hjelmroos and Franzen, 1994; Jacobs et al., 1985; Janssen, 1973; Nichols, 1967; Ritchie, 1974; Ritchie et al., 1987; Ritchie and Lichti-Federovich, 1967; Short and Holdsworth, 1985] , but never the complete trajectory from source to deposition.
[3] Recently, Bourgeois et al. [2001] studied 77 samples of snow collected in the Canadian Arctic, the adjacent Arctic Ocean and Greenland, including 13 samples taken from snow deposited on sea ice in different localities around the North Pole. Some of these samples, collected at the same location over several years, contained pollen grains potentially originating from North American boreal vegetation. However, with no precise indication about the air mass trajectories reaching the sampling localities, the interpretation remained hypothetical, mentioning also Eurasia as another potential source. Independently, Short and Holdsworth [1985] studied samples from the Penny Ice cap, Baffin Island and recorded a large amount of transported pollen grains, which were described as ''exotic''. They concluded that palynology would be a useful tool for analyzing wind patterns and transport in mid-eastern Arctic.
[4] From mid-April until the beginning of July 2002, Jean-Louis Etienne drifted southward on the sea ice from the North Pole (Figure 1 ) in a gas-heated and solar powered capsule, the Polar Observer [Balter, 2002] . Pollen samples were systematically collected on filters following the same protocol as used on the continent and in Greenland in the ongoing EPILOBE project [Rousseau et al., 2001] . The objectives of this research were to investigate the long distance transport of pollen grains to the North Pole by attempting to identify the source areas and the air masses responsible.
Methods
[5] During the experiment, the geographic coordinates were noted three times a day, respectively at 6 am, noon and (Table 1 ) also recorded additional information about wind direction, speed, and the occurrence of rain. The pollen data were collected from a trap consisting of two 20 cm Â 20 cm filters installed at 1.5 m elevation on a vane-holder. The filters are made of siliconed medical gauze and held constantly at right angles to the prevailing wind by the vane-holder. The filters were processed in Montpellier using a standard method described by Cambon et al. [1992] and the pollen determined by examining the pollen slides at a magnification of x400 and x1000. The ''A'' filters were changed every two weeks and labeled as Ax, indicating the two weeks of exposure. The weekly ''B1'' and ''B2'' filters were labeled AxB1 or AxB2 respectively. If the ''Ax'' filters analyzed first detected pollen, the ''B'' filters were processed subsequently to determine the particular week and the source of the pollen.
[6] The HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) transport and dispersion model computes trajectories for any place in the world from archived, gridded meteorological data (HYSPLIT4 Model, http:// www.arl.noaa.gov/ready/hysplit4.html, NOAA Air Resources Laboratory, Silver Spring, Maryland, 1997).
[7] The HYSPLIT backward trajectories requested were those for the air masses reaching the pollen traps at ground level, passing over the sampling area at respectively 1000 m and 3000 m altitude. Recently, it has been demonstrated that long distance pollen transport to southern Greenland involved an air mass moving at 3000 m altitude [Rousseau et al., 2003] . The requested altitudes for the model range between the possible boundaries indicated by Barry et al. [1981] who clearly showed that upward dispersion of pollen required lower altitudes between 300 m and 1500 m. The geographical plot of the air mass trajectories was then compared with the distribution maps of the plants whose pollen had been identified on the exposed filters [Hultén and Fries, 1986; Hulton et al., 1994] . HYSPLIT also provides information on the upward and downward air motions contributing to enhance or reduce the abundance of pollen being transported and then deposited on the filters. A set of filters was exposed from Monday April 22 until Monday July 1. This vertical velocity plot allows the final selection of the air masses assumed to have transported the pollen grains. If no upward movement above the growing area, nor downward movement at the Polar Observer site are indicated, then the possible air mass is not selected. The different patterns presented here fulfil these 3 D requirements.
Results and Discussion

Pollen Occurrence
[8] Among the five primary (A) filters collected, two of these, A3 and A4 provided abundant pollen, which correspond with the time intervals May 20 -June 2, and June 3 -June 16 respectively. On filter A3, 61 grains of Betula (birch) and 74 grains of Pinus (Pine) were recorded. Although no pollen was observed on week 21 (May 20-26), 70 grains of birch and 75 grains of pine were noted on the A3B2 filter corresponding to week 22 (May 27-June 2). On filter A4, 730 grains of Alnus (alder), 110 grains of Betula and 25 of Salix (willow) were recorded. Similarly on week 23 (June 3 -9), no pollen was observed while 1182 grains of alder, 150 grains of birch and 287 grains of willow were counted on filter A4B2 corresponding to week 24 (June 10-16). Our results clearly indicate that the pollen captured on the exposed filters at the North Pole was transported during weeks 22 and 24.
[9] Meteorological readings provided by Jean-Louis Etienne indicate that during week 22 the wind direction was mostly southerly while on week 24 it was mostly northerly (Table 1) . These observations fit with the model ouput for the wind direction at ground level, and thus at least validate the model simulation. Pollen data obtained, with the same Figure 2a for the geographic trajectory). Yellow to brown values indicate upward movements whereas light blue to pink indicate downward movements. The dark line corresponds to the selected air mass. The light colored red box characterizes the timing of the uplift of the pollen within the potential interval corresponding to the selected air mass passing over the growing area. pollen trap system, from different areas in the Northern Hemisphere (Abisko, in Northen Sweden in 1977 , 1978 , 1979 [Cour et al., 1993 ; London, Peterborough, Sudbury, Toronto, in southeastern Canada in 1984 and 1985 [Cambon, 1994; Cambon et al., 1992] , Narsarsuaq, in southern Greenland in [Rousseau et al., 2001 ) provide a precise chronology for pollen dispersal of alder, birch and willow. In northern Sweden, alder flowers between weeks 17 and 25, with birch and willow between weeks 20 and 29. In southern Greenland, these trees flower respectively between weeks 15 and 27, 15 and 31, and 19 and 31. Therefore the air masses responsible for the pollen transport during weeks 22 and 24 passed over the growing areas as these arboreal taxa were dispersing pollen into the atmosphere.
Backward Trajectories
[10] Backward trajectories were obtained for the 42 positions (taken three times a day) of the Polar Observer during weeks 22 and 24. These provide a comparison with the compiled distribution of the observed trees allowing the most probable candidates for pollen transport to be selected [Hultén, 1964; Hultén and Fries, 1986; Thompson et al., 1999a Thompson et al., , 1999b . The air mass at ground level, in red on Figures 2 and 3 , is only plotted for information and comparison with the meteorological wind direction reading at the Polar Observer site.
[11] The compilation of the HYSPLIT backward trajectories for week 22 show that an air mass passed over the western boundary of the distribution range of willow and pine in Europe on May 22 and 23 of 2002 (Figures 2a  and 2b) . The pollen grains were carried to the 850 hPa level ($1000 m above ground level) (Figures 2b and 2c) , and then transported northward over the Norwegian Sea, then North Eastern Greenland to the North Pole. They reached the Polar Observer at noon, May 27 (according to the timing when J. L. Etienne recorded the GPS coordinates of the Polar Observer) with the air mass at an altitude of 3000 m (Figures 2a and 2b) . The pollen grains were deposited with downward air movements associated with a slight rain that both the model and J.L. Etienne notice (Figures 2b and 2c) . Analysis of the 3-D backward trajectories show that several previous downward air motions occurred during the transport. Our previous observations in Greenland, where very few pollen grains originated from North America, indicated also several downward air move- ments although the air mass passed over the growing area during the maximum pollen emission time. It is assumed that these downward air movements during transport to the North Pole considerably reduced the number of pollen grains being deposited at this site. The model indicates that as the air mass passed over the growing area of willow and pine, upward air movements were lifting the pollen grains to a high altitude during an interval slightly longer than 24 hours (red box on Figures 2b and 2c) .
[12] The compilation of the HYSPLIT backward trajectories for week 24 shows that an air mass passed over the eastern boundary of the distribution range of alder, birch and willow in Siberia on June 12 and 13, 2002 (Figures 3a  and 3b) . The pollen grains were transported to the 820 hPa level ($1500 m above ground level) (Figures 3b and 3c) , and then transported northward over the Arctic Ocean to the North Pole. They reached the Polar Observer at 6 am and noon of June 16th (timing at which J. L. Etienne recorded the GPS coordinates) with an air mass at an altitude of 1000 m (Figure 3) . Analysis of the 3D backward trajectories shows that few downward air motions occurred leading to a higher concentration of pollen grains on the filters than during week 22: the air mass passed over the growing area during the pollen emission, and the pollen grains remained suspended allowing a higher concentration to be deposited on the filters. Furthermore a slight rain that J. L. Etienne noticed and that the HYSPLIT also mentions eased the downward sedimentation of the pollen grains. The model indicates that as the air mass passed over the growing area of alder, birch and willow in eastern Siberia, upward air movements were lifting the pollen grains to a high altitude during a shorter time than during week 22. Our results clearly indicate that within two weeks, e.g., weeks 22 and 24, two different air mass pathways permitted the transport of pollen grains to the North Pole. These air masses are connected with both western and eastern boundaries of Eurasia, but also different altitudes.
[13] The results of this study combined with recently published data [Rousseau et al., 2003 ] from Narsarsuaq show a particular general pattern (Figure 4) investigations in southern Greenland and the North Pole. A paradox remains to be explained; sulfate aerosols being much smaller than mineral aerosols reaching the Greenland ice cap always indicate China as a source area [Biscaye et al., 1997; Bory et al., 2002] . Conversely, pollen grains (10m < size > 200m) are generally bigger than the mineral dust particles analyzed to study source areas through crossisotopic analyses. However, a recent study of the Greenland ice cap from the Summit record indicates the possible occurrence of the 1930s ''Dust Bowl'' from the US Great Plains [Donarummo et al., 2003] . Recent investigations in snow pits from the top of the French Alps indicated that dust particles have been transported from China [Grousset et al., 2003] . Hence more studies are required to resolve this paradox.
[14] Our investigations using the HYSPLIT model indicates that pollen transport is highly complex not only involving a large variability in altitude for the movement of air masses, in this case between 1000 m and 3000 m altitude, but capable of switching rapidly between two major geographical source areas (western and eastern Eurasia) within two weeks. Our investigations in the Arctic (the present study combined with our Greenland investigation [Rousseau et al., 2003] ) indicate three different air masses during three consecutive weeks showing that modeling air transport in the Arctic region is highly variable, and that to understand past conditions requires further multiproxy investigations into modern processes.
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